The efficiency of a VSC-HVDC transmission system used to transmit wind farm power to the network is investigated. The losses associated with the operation of the VSC-HVDC system are the conversion losses (conduction and switching losses) in converters and the transmission losses due to I 2 R (in the converter transformers, smoothing reactors, and DC cables). An analytical method based on the average and root mean square of the semiconductors' current is used to estimate the conversion losses in the converters. The remaining power losses are evaluated using I 2 R. The results obtained using the analytical method are confirmed by the measured losses obtained from simulation studies.
Introduction
High-Voltage DC transmission based on voltage source converters (VSC-HVDC) presents a solution for many problems face nowadays by power networks, such as, network congestions, grid re-enforcements and asynchronous connections. The use of forced-commutated switching devices and high-frequency pulse width modulation (in the order of 2kHz), result in a fast dynamic response to network disturbances. The main benefits of VSC-HVDC systems are:
• Improving the AC fault ride-through capability.
• The absence of a reactive current component in the DC system allows active power transmission over long distances at reduced power losses.
• Independent control of active and reactive power.
• Can provide voltage and frequency support to the AC network.
• Active power flow is fully controlled and power reversal is achievable without the need to reverse the DC link polarity.
• Black start capability Currently, there are two established approaches for the construction of a VSC-HVDC system. The first approach uses a standard two-level converter or a neutral-point clamped converter with forced commutated devices such IGBTs. This approach imposes a high insulation requirement on the interfacing transformer due to the high dv/dt that results from switching high voltage with relatively low switching frequencies. This arrangement also requires fairly large filters at the output to attenuate the switching frequency components from the output voltage at the point of common coupling.
The second approach uses a two-switch modular multilevel converter with medium voltage devices such as 4.5kV IGBTs. This approach produces lower dv/dt (allowing the use of a transformer with standard insulation requirements) and significantly lower voltage harmonic distortion (which may eliminate the need for the AC filters). This approach requires however, a large number of switching devices and capacitors and a relatively complex modulation strategy compared to the first approach.
Both approaches result in fast dynamic performance, independent control of active and reactive power, no commutation failures during and AC fault, better fault ridethrough capability, and the ability to provide damping and frequency support through active or reactive power modulation. However, both approaches produce higher conversion losses compared to the classic HVDC system based on line commutated or capacitor commutated current source converters.
Estimation of the power losses during the design stage of the VSC-HVDC is essential, because it allows the designers to optimize the overall system performance through a compromise of several design indices. It also helps in the selection of heat sinking equipment and cooling system for the converters.
In reference [5] , the authors estimate the losses in a VSC-HVDC system based on two-level converters. The results show that the conversion losses in the converters represent more than half of the overall losses of the VSC-HVDC system. This paper evaluates the efficiency of a VSC-HVDC system based on the three-level neutral point clamped (NPC) converter. The conversion (conduction and switching losses) and transmission losses (in AC and DC sides) are evaluated under various operating conditions. To this aim the data of a 3.3kV IGBT, and sinusoidal pulse width modulation (switching frequency of 2 kHz) have been employed. Fig. 1 shows a single line diagram of the VSC-HVDC system used in the investigation. It consists of a 700MVA wind farm based on fixed speed wind turbines. The converters VSC 1 and VSC 2 are modelled as NPC converters. The length of the DC cables connecting VSC 1 and VSC 2 is 125km. Fig. 1 . VSC HVDC system used in the investigation.
Analysis of VSC-HVDC system losses

Conversion losses
VSC-HVDC transmission systems based on two-level and three-level NPC converters require series-connected IGBTs, therefore, the conversion losses can divided into three types as follow [1] :
1-Conduction losses:
These losses occur due to the voltage drop across the switching devices during the conduction period, and depend on the forward resistance of the device r f , the device threshold voltage V f0 , the rms current I rms and the average current I av . as in equation (1).
The device forward voltage V f is proportional to the current i(t) as:
V is the forward voltage across the device at no load.
2-Switching losses
The switching losses in forced-commutated devices such IGBTs are dominantly turn-on and turn-off losses. The losses in the free wheeling and clamping diodes are mainly recovery losses during turn-off. The switching losses depend on the switching frequency and the current and voltage at each switching instant.
The most common way to evaluate the switching losses is to express the switching function as a first or second order polynomial depending on the switching characteristic of the device under consideration. However, with devices used in this paper, the first order approximation is sufficient to estimate the switching energy losses as a function of current with minimum error. Hence, the switching energy losses are expressed as:
Where k 1 can be determined from the switching characteristic usually given in the manufacturers data sheet. In this paper, the two curves of switching energies (turn-on and turn-off) are added together for simplicity. With a carrier frequency more than ten times the fundamental frequency, the switching losses in Watts for three level converters can be estimated using equation (4):
3-Additional losses
These losses are produced in the gates, snubber circuits and leakage currents during the off-state and can be neglected.
Analytical method to calculate conversion losses in three level converters
According to equations (1) and (4) the calculation of the conduction and switching losses in any multi-level topology requires the knowledge of the rms current ( rms I ), the average current ( av I ) flowing through each device, the device forward resistance ( f r ) and the forward voltage drop of the device ( ) f V . The average and rms currents in any pulse width modulated converter with discontinuous current can be approximated as follow: Where T s is the switching period and δ a is the duty cycle of each device. To calculate the conduction and switching losses in a three-level NPC converter, the knowledge of various power paths in the converter circuit is required. Fig. 2 summarises all the possible power paths in the NPC converter, and Fig. 3 shows the load current and voltage waveforms plus the SPWM gate signals to the converter switches.
Conducting devices for i a > 0
Conducting devices for i a < 0 
Then, the average and root mean square currents in the IGBTs are calculated as follows: 
And the average and root mean square currents in the freewheeling diodes are: 
The average and root mean square currents in the clamping diodes are: 
The currents given in (7), (8), and (9) are used to calculate the conduction losses of three-level converters according to equation (1) . Therefore, the total conduction losses are: 
The switching losses associated with free wheeling devices are: 
Hence, the total switching losses of three-level NPC converter are:
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Transmission losses
Transmission losses are:
• The losses that occur in the converter transformer (copper and iron losses) and the copper losses in the AC smoothing reactor.
• The copper losses in the DC cable In this paper, the copper losses in the interfacing reactors and transformers are calculated using B f is taken as 20 percent of the copper losses. This is due to the existence of the switching frequency components and their sidebands in the converter output voltage and current. The copper losses in the DC line connecting the two converter stations is calculated using 2 2 dc dc r I , where r dc is the DC resistance of the cable and I dc is the current magnitude in the DC cable.
Efficiency evaluations
As the power losses vary with the operating point, the power losses of the VSC-HVDC system under investigation is calculated in three different operating points. Regarding conversion losses, the switches of the NPC converter must withstand half of the total DC link voltage, 150kV. With 30 percent redundancy, the number of series connected 3.3kV IGBTs needed to withstand 150kV is 60. The parameters used are:
Number of series IGBT=60 IGBT forward resistance=2.5mΩ IGBT threshold voltage V T =1.5V Freewheeling diode forward resistance=1.8mΩ Freewheeling diode forward voltage=1.2V The clamped diodes data are assumed the same as freewheeling diodes. Switching energy due to turn-on and turn-off losses is expressed as: E=ki where k=215μJ/A DC cable resistance r dc =15.9mΩ/km DC cable length =150km Transformer AC resistance=0.25Ω/phase Interfacing reactor resistance=0.05Ω/phase
The results in tables 1, 2 and 3 are obtained when the system in Fig. 1 is simulated under three different operating conditions, unity power factor, 0.95 lagging power factor and 0.95 leading power in both stations. In all these cases the exported power from the wind farm to the grid is maintained at 330MW. Based on these results, the total power losses at unity, 0.95 power factor lagging and 0.95 power factor leading are 5.3%, 5.6% and 5% respectively of the transmitted power. It can be observed that the maximum power loss conversion is obtained at 0.95 lagging (2.86% of the transmitted power).
(A) Case I: Unity power factor 
Conclusions
This paper presented an analytical estimation of the power losses in a VSC-HVDC system based on the NPC converter. The results obtained demonstrate that the use of a NPC converter reduces the conversion losses in the converter as the effective switching frequency per device is reduced to half compared to a two-level converter. An additional benefit is the reduction of power losses in the damping elements of the passive power filters required at converter output.
